Abstract-Integrating the function of onboard battery charging into the traction drive system and accessory dc-dc converter in plug-in electric vehicles (PEVs) is shown to significantly reduce the cost and increase the power density of onboard chargers due to a substantially reduced component count. Replacing silicon (Si) based power devices with wide-band-gap (WBG) devices can further increase the power density and efficiency and lower the cost as WBG device technology matures and production volume increases. This paper presents a bidirectional integrated onboard charger (OBC) and accessory power converter using silicon carbide (SiC) MOSFETs and Schottky Barrier Diodes (SBDs). The galvanically isolated integrated OBC is formed by using the segmented traction drive system of a PEV as the frond converter and a phase shifted dual-active full-bridge converter (PHDAFBC) that is comprised of the transformer and high voltage converter of the 14 V accessory dc-dc converter and an additional full-bridge converter. Experimental results for a 6.8 kW OBC prototype that is implemented on a 90 kW segmented SiC traction inverter and a 6.8 kW SiC PHDAFBC is included.
INTRODUCTION
There is a need to reduce the cost, weight and volume, and increase the power conversion efficiency of onboard chargers for plug-in electric vehicles (PEVs), which are being promoted by many local and national governments in responding to the urgent need for reducing fossil fuel consumption and emissions of carbon dioxide and other green-house gases and harmful particulates from the transportation sector. Compared to the hybrid vehicles currently on the market, PEVs employ a substantially larger battery pack to provide the sufficient amount of energy for the vehicle to operate with the battery only in the so called all-electric mode over a distance that can cover the majority (> 80%) of daily commutes. For longer distances beyond their electric ranges, these PEVs switch to the hybrid mode in which the internal combustion engine (ICE) provides most of the driving force while the battery captures the kinetic energy using dynamic breaking and keep the ICE to operate in its most fuel efficient torque-speed regions [1] [2] .
Recently, it is shown that integrating the function of onboard battery charging into the traction drive systems of PEVs can significantly reduce the cost and increase the power density of onboard chargers due to a substantially reduced component count [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Some of the reported topologies, while easy to implement and having higher efficiency, do not provide galvanic isolation, and thus may have limited applications due to the difficulty in meeting safety requirements. In [10] , an integrated onboard battery charger and accessory dc-dc converter was presented for PEVs having multiple inverters and motors in their traction drive systems, in which the traction drive inverters and motors are utilized to form the frond converter of the integrated charger circuit and the 14 V accessory dc-dc converter is further combined into the charger converter to provide galvanic isolation. The approach was applied in [11] to the segmented traction drive system, which has a single inverter and motor and can significantly reduce the dc bus ripple current and the dc bus filter capacitor [12] .
Moreover, integrated OBCs can be cost-effectively implemented with bidirectional power flow and higher power ratings, which are highly desirable because they can enhance the functionality and value of the PEVs by providing additional capabilities such as grid support and emergency mobile power generation. As the number of PEVs increases and reaches a critical mass, the batteries in these vehicles can be collectively controlled to serve as a grid energy storage device in future smart grids, supplying power to the grid during peak demands and drawing power from the grid to charge the batteries during off-peak periods or even providing reactive power for grid voltage support. This also facilitates the integration into the grid of intermittent and fluctuating renewable energy sources such as wind and solar power. Further, a bidirectional OBC enables the vehicle to function as an emergency home power generator.
Replacing silicon (Si) based power devices with wideband-gap (WBG) devices can further increase the power density and efficiency and lower the cost as WBG device
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technology matures and production volume increases [13] [14] [15] [16] [17] . This paper presents a bidirectional integrated OBC and accessory power converter using silicon carbide (SiC) MOSFETs and Schottky Barrier Diodes (SBDs). The galvanically isolated integrated OBC is formed by using the segmented traction drive system of a PEV as the frond converter and a phase shifted dual-active full-bridge converter (PHDAFBC) that is comprised of the transformer and high voltage converter of the 14 V accessory dc-dc converter and an additional full-bridge converter. The paper describes a 6.8 kW OBC prototype that is implemented on a 90 kW segmented SiC traction inverter and a 6.8 kW SiC PHDAFBC and provide experimental results.
II. DESCRIPTION OF THE INTEGRATED CHARGER
A. Topology of the Integrated OBC Fig. 1 shows a block diagram of a segmented electrical drive system with an integrated OBC [11] . It is mainly comprised of a high voltage (HV) battery, a segmented traction drive system, three sets of contact switches (CS 1 , CS 2 and CS 3 ), and a battery charging converter. The segmented traction drive system is realized by separating the switch dies of the inverter (INV) and the stator windings of the motor into two groups and connecting the groups of the switches and windings as two drive units. The segmented traction drive can significantly (>60 %) reduce the dc bus capacitor by performing interleaved switching between the two drive units [12] . The neutral points of the two stator winding groups (N 1 and N 2 ) are brought out to a charging port through the contact switch, CS 3 . In addition, as in a standalone charger, a common mode and/or differential mode filter is usually used to meet power quality standards and safety regulations. One advantage of the integrated charger is that the motor is used as the filter inductor as described later, thus eliminating the need of an external filter inductor. The use of WBG switches further reduces the needed inductance.
The battery charging converter is based on a phase shifted dual active full bridge converter that is comprised of two H-bridges (HB1 and HB2) and a buck converter coupled through a high frequency transformer (Tr), which provides galvanic isolation when charging the batteries. The H-bridge, HB2, transformer, and buck converter form a typical 14 V accessory converter, rated at around 2 kW in PEVs, for charging the 14 V battery and powering the vehicle low voltage accessory loads.
B. Operating Modes
The electric drive system has three operation modes: (1) providing the propulsion force for driving the vehicle and charging the 14 V battery (propulsion mode), (2) charging the HV battery (charging mode) or (3) supplying power to external loads (sourcing mode).
In the propulsion mode, contact switch CS 1 is closed and CS 2 and CS 3 open; connecting the HV battery to the drive units while disconnecting the charging converter and the charging port from the drive units. The two drive units are controlled with interleaved switching to reduce the dc bus ripple current and thus the required dc bus capacitor and produce the commanded speed or torque of the motor according to the vehicle propulsion requirements [12] . At minimum, two current sensors, i a and i b that measure the combined current of phases a and b, respectively, are needed in the motor control. In the meantime, the H-bridge, HB2 and the buck converter operate to charge the 14 V battery from the HV battery.
In the charging mode, contact switch CS 1 is open and CS 2 and CS 3 closed; disconnecting the HV battery from the drive units while connecting the charging converter and the external source to the drive units. Fig. 2 shows an equivalent circuit in this mode, where capacitor, C acf , is a filter component. All the switch legs in the INV of each drive unit collectively function as a single switch leg and the motor as an inductor, which is furnished by the motor's zero sequence impedance network (ZSIN), comprised of 3 branches bundled together at the neutral point and each branch is formed by the motor leakage inductance and stator winding resistance (l m0s and R ms ). Together, the two drive units form a single-phase front active converter to regulate the dc bus voltage and perform power factor correction or reactive power control. A smaller current sensor, i n is used to sense the grid current for use in the controller of the front converter. Moreover, the two H-bridges, HB1 and HB2, and the transformer operate as a zero-voltage switching phaseshifted dual-active-bridge converter to charge the HV battery. If needed, the buck converter can also be activated to charge the 14 V battery. In this mode, the motor acts as a coupled inductor and the resulting zero-sequence (ZS) current will not generate a rotating air-gap flux and thus will not produce any torque.
When operating in the sourcing mode, the power flow is reversed from that in the charging mode. The two drive units form a single-phase inverter to supply external loads or the grid. In this mode, the H-bridges operate to supply dc power from the HV battery to the single-phase inverter, which in turn convert the dc power to ac power to the external load. If needed, the buck converter can be activated to charge the 14V battery.
C. Control for the Charging Operation
As shown in Fig. 2, INV1 and INV2 form a single-phase converter with an ac filter consisting of ZSIN1 and ZSIN2 as coupled inductors and the external capacitor, C acf to regulate the dc bus voltage, V dc . The single-phase converter can be controlled either to maintain a unity power factor or to provide reactive power for grid voltage support. The grid current, i s , less the small filter capacitor current, splits into three equal parts and each part flows in each branch of the two motor ZS networks, and as such the currents do not produce air-gap flux or generate any torque in the motor. Moreover, the charger converter controls the battery terminal voltage, V bat , in constant voltage (CV) mode or the charging current, I bat , in constant current (CI) mode for charging the battery. Fig. 3 shows a control block diagram that consists of three control loops. The dc bus voltage control loop for maintaining a constant dc bus voltage at a commanded level of is implemented with a proportional integral (PI) regulator, which generates a portion of the amplitude ( ) of the current command, , for the inner grid current control loop. The other part of the amplitude of the current command is provided by a feed forward compensation determined by the battery charging power command, , modified by a feed-forward gain, k ff . The battery charging power command is generated in the charger converter controller and is described below. The current regulator (GI), whose purpose is to produce a near sinusoidal grid current with unity power factor (or a commanded value for reactive power compensation), can be implemented with a simple gain block of a relatively high value or a PI regulator to generate pulse width modulated (PWM) gating signals for the two INVs. As shown in Fig. 3 , low pass filters (LPFs) are used in the feedback paths to remove the high frequency components in the sensed voltages and currents.
The charger converter controller is to maintain a constant battery terminal voltage at a commanded level of , in the CV charging mode or a constant current at a commanded level of , in the CI charging mode. Again, a PI controller is used to regulate the battery voltage or current. Because of the significantly smaller dc bus capacitor in the segmented inverter, the dc bus voltage, V dc will fluctuate in a greater degree when operating in the single-phase charger mode. To prevent it from causing a large ripple component in the battery charging current, the PI output is divided by the high frequency component of V dc , obtained with a band-pass filter (BPF) and then fed to the PWM block, which controls the duty cycles. It also regulates the phase shift between the two H-bridges, if needed. In addition, the battery charging power command, , is computed by = , in CV charging mode , in CI charging mode where V bat and I bat are the measured battery terminal voltage and current. As aforementioned, is used in the feed forward compensation in the grid current control loop to improve the dynamic response of the dc bus voltage loop.
III. PROTOTYPE AND EXPERIMENTAL RESULTS
A prototype consisting of an electrical drive system and a charger converter was built to test the charging function. A traction drive inverter was designed and built using six commercial SiC MOSFET phase-leg modules rated at 1200V/120A, four film dc bus capacitors of 880 μF in total, a water cooled cold plate (measured 36 cm x 12.7 cm), a 3D printed mounting frame and other fixture components. The SiC MOSFET modules contain antiparallel SiC SBDs so the MOSFET body diodes with inferior characteristics are bypassed. The inverter design has flexibility so that it can be operated as dual 3-phase inverters, each rated at 45 kW or a segmented 3-phase inverter rated at 90 kW by swapping the output bus bar and current sensor assembly, as shown in Fig.  4 . Fig. 5 shows a photo of the inverter configured as a 90 kW segmented inverter used in the OBC tests. Design of a SiC traction drive inverter that can be operated as dual 3-phase inverters, each rated at 45 kW or a segmented 3-phase inverter rated at 90 kW by swapping the output bus bar and current sensor assembly. A 6.8 kW charger converter prototype (Fig. 6 ) was designed and built using four SiC phase leg modules, a planar transformer, and heavy copper printed circuit boards (PCBs) to eliminate wire connections. Fig. 6 shows a photo of the SiC phase leg modules, which were designed and packaged in house using direct copper bond (DBC) substrates, Cree SiC MOSFETs and SBDs. A control PCB using a TI TMS320F2809 fixed-point microcontroller with its micro-edge positioning based high resolution pulse width/phase shift capability (180 ps vs. 10 ns for normal resolution) was used to implement the battery charging voltage and current control blocks.
The charger converter was tested at switch frequencies of fsw=100 kHz, 200 kHz, and 250 kHz. The SiC segmented inverter, charger converter and a commercial off-the-shelf induction motor was then connected together and tested as an integrated OBC. Fig. 10 shows a photo of the test setup. The motor, rated at 14.9 kW, 230 Vrms, 45.4 Arms, has 2 poles and two sets of stator windings with all leads accessible. Fig. 11 plots measured ZS resistance and inductance of the motor at 60 Hz. The ZS inductance, decreasing from 1.9 mH to 1.1 mH as the currents increases from 5 A to 30 A and the motor cores saturate, is sufficient for the LC filter. Because of its relatively low power rating, the measured ZS resistance of the motor is quite large, around 315 m , compared to those of production PEV motors. For example, the measured ZS resistance of the Toyota Camry motor is 10.75 m . The high resistance test motor will have a negative impact on the measured charger system efficiency. The integrated OBC was tested successfully with a resistive load bank at both 120 V and 240 V grid voltages. 
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20A/div, CH6), grid current (is, 20A/div, CH5) and motor phase a1 and a2 currents (ia1, CH7, ia2, CH8, 50A/div). Figure 14 . Waveforms of the OBC at 240 V input and 2.7 kW charging power. From top, grid voltage (vs, 500V/div, CH1), grid current (is, 100A/div, CH6), converter input voltage (va1a2, 500V/div, CH2), dc bus voltage (Vdc, 500V/div, CH4), charging current (Ibat, 50A/div, CH5) and motor phase a1 and a2 currents (ia1, CH7, ia2, CH8, 100A/div). Figure 15 . Waveforms of the OBC at 240 V input and 6.8 kW charging power. From top, grid voltage (vs, 500V/div, CH1), grid current (is, 100A/div, CH6), converter input voltage (va1a2, 500V/div, CH2), dc bus voltage (Vdc, 500V/div, CH4), charging current (Ibat, 50A/div, CH5) and motor phase a1 and a2 currents (ia1, CH7, ia2, CH8, 100A/div). Fig. 16 plots OBC system efficiencies. The maximum efficiency is 96.5% at a grid voltage of 240 V and 92.6% at 120 V. A 2 % point improvement over the Si-based counterpart in [11] was observed. 
IV. CONCLUSIONS
This paper describes an integrated onboard charger that takes the advantage of the segmented traction drive system components to reduce the cost, weight, and volume but also integrates the 14 V accessory converter to accomplish galvanic isolation and provide the capability of charging batteries at a wide range of voltage levels. In addition, WBG based devices are employed in the converter and inverter to further reduce the cost, weight, and volume of the passive components as well as improve system efficiency. Test results for a 6.8 kW SiC integrated OBC show a 2 % point improvement over the Si-based counterpart.
